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I 3 Katsuhiro IMAI, hereby decline iiud stale; dial: 

L I received a Doctor of Science degree in Mineralogy in March, iy93 from the 
University of Tokyo. 

2. I have been employed by NGK Insulators, Ltd., the assignee uf die 

above identified application, since April, 1993. During my employment with NGK, 1 have 
been involved with research and development of: single crystal uralcrials at (lie Research 
Laboratory of NGK Insulators, Ltd., from April, 1993. 

3. I have reviewed the prosecution history of the above-identified application, 
particularly the Final Office Action mailed January 15, 2003 and the AHvisnry Action mailed 
March 28, 2003. I have also reviewed Imaeda et al. and Ciszck ct ah, the applied prior art 
of record. 



4. in the Advisory Action, the Examiner is tattng the position that Applicants 
have not provided evidentiary support for the arguments that: 1) silicon crystals typically 

have a higher coefficient of thermal conductivity compared tc that of oxide single crystal,; 
and 2) silicon crystals typically have a lower coefficient of thermal expansion compared to 
that of" oxide single crystals. 

5. With reference to The Chemical Society of Japan (1993): Kagaku Binran 
Kisahen II (Handbook of Chemistry, Fundamental Chemistry Volume IT), 4* edition, 
Maruzen, Tokyo (in Japanese), a data sheet obtained from the INRAD, Inc., website 
bta;//u W , ir i ^ mmWTT^I toW TM?prtf (a printout of which is attached hereto), 
oxide single crystals typically have a coefficient of thermal conductivity of 4W/m-K and 
coefficients of thermal expansion of U.M0^/K(J/ a ) ^A^/K(//c), whereas silicon 
crystals typically have a coefficient of thermal conductivity of 148W/mK and a coefficient of 
thonnal expansion of 4.15XI0«/K. Therefore, those of ordinary skill in the art understand 
rim silicon cry.™!* have a higher coefficient of thermal conductivity and a lower coefficient 
of thermal expansion in comparison to oxide single crystals. 

6. The Imacda ct al. reference relates to oxide single crystals and that reference 
correctly acpgniw that it is undesirable ro have too high of a cooling rate after growing the 
oxide single crystals. Although Wda ct al. do nor specifically address cooling oxide 
single crystal* at the liquid-solid crystal interface, based on the disclosure in Imaeda «t al., 1 
would also conclude that one should not « a cooling *« to dircclly cuol ihe oxide single 
crystal liquid-solid crystal interface. This is because the temperature at the liquid-solid 
crystal interface is necessarily higher than the temperature of the grown crystal body, and 
thus, blowing a cooling gas directly on the oxide single crystal solid-liquid crystal interface 




would necessarily produce a greater rale of temperature change at die liuUcr liquid-solid 
crystal interface than would be realized if the same cooling medium were blown on the 
cooler crystal body. Therefore, fnr the same reasons that it is undesirable Co have too high 
of a temperature gradient in the grown crystal body after crystal growth, as specifically 
disclosed by Imaeda et al. 7 it is also undesirable to have too high of a temperature gradient ar 
die liquid-solid crystal interface. 

7. Ciszck deals wilh a method of producing a silicon ciystal, which includes a 
step of directing a cooling medium onto the liquid-solid crystal interface portion. Ciszek's 
method is successful because of the relatively higher coefficient of thermal conductivity and 
the relatively lower coefficient of thermal expansion compared to those of oxide single 
crystals (sec paragraph 5 above). On die oilier hand, blowing a cooling medium onto the 
liquid-solid crystal interface of Imaeda's oxide single crystal would not necessarily produce 
the benefits disclosed in Ciszck, because of die relatively lower coefficient of thermal 
conductivity and the relatively higher coefficient of thermal expansion of oxide single 
crystals. Therefore, skilled artisans would not conclude thai oxide single crystals could 
withstand Ciszek's liquid-solid crystal interface cooling treatment, which, again, is designed 
for silicon crystals, because oxide single crystals have a lower coefficient of thermal 
conductivity and a higher coefficient of thermal expansion in comparison to silicon crystals. 

8. Based on my academic credentials and work experience, I consider myself to be one 
of ordinary skill in the art. The claimed invention was not obvious to me ar The time it was 
made. Nor do I believe that the claimed invention would have been obvious to others of 
ordinary skill in the art absent our discovery. 





9. 



I hereby declare that all statements made herein of my own knowledge are true 



and that all statements made on information and belief are believed to be true; and further 
that these statements were made with the Imowledge. that willfiil false statements and the liVe 
so made arc punishable by fine or imprisonment, or both, under Section 1001 of Title 1 8 of 
the United States Code and that such willful false statements may jeopardize the validity of 
the application oi any patent issued iheieon. 






IN RAD Lithium Niobate 



Lithium Niobate (LINbOa) 



PHYSICAL PROPERTIES 



Chtfiniual Fuimula 



Crystal Symmetry and Class 



PuirU Gioup 



UMbO.1 
congruenily melting 1 

trigonal, R3c 

3m 



Lattice Constants*. 
a = 5.1S052(6) A 
C = 13.86496(3) A 



Density 3 

Moh's Hardness' 



Pipeline Toughness* 



4.640(5) g/cm 3 

5 ' ' 



x-Face 
y-faee 



1 .07 MPam 1/2 
1.1.7 MParn 1 ' 2 



0,57 MPam 



Elastic Compliance 4 at Constant Polarization (S P ) and at Constant Field (S E ) and Temperature 
' ' > - • Dependence 5 



<TPq):T 
S P11 = ; 4.75 , 
s P12 = -n.*ifi ' 

S P1 <= 1.02 ■ 
Sra- 4.10 ; 

Spaa 9*3 

5^cc n 10.5 



( TPa)-1 
Sen- 5.78 

Sr 13 =-1.47 

■"■ 3 CT4 = -1-02 
■ S W3 - 5.02 

^»ccc n 13.6 



(1/S E11 )dS El1 /dT=1.66 
Ci/s EU )rtS Eia /fi i =n 
(1/S E -, 3 )dS E13 /dT=1,94 

(i;s E14 )d3 E16 /crr=i.33 

(1/S U2 )dS t22 /dT-1.e0 
(1/S c „)dS c ^/dT-2.05 
(1/S C cc)dScw>/dT=1.43 



Stiffness 4 al Constant Polarisation (C P ) and at Constant Field (C E ) and Ttrmpeiauiie Dependence 



(CPo) 
C Pn =219 
Cpi2 c 37 
Cpi3= 76 
CpK - -15 
C P22 - 252 

Cpafl" 

C P8fl - 91 



(CPQ) 

C E11 = 203 

C E13 = 75 
Cfia- 9 
C E 22- 245 
c tfl4 - SO 



(10'V*K) 
(1/C Eni )dC £11 /dT=-1.74 

(l/C n3 )dC E ia/GT=^1.5S 
{1/C F ^)dC F i 4 /dT=-2.14 

<1/CE22)dCE22/dT--1.53 

(1/C^)dC £ „/dT- 2.04 
(1/CEoo)dC EO o/dT-^ .43 
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IN RAD Lithium Niobate 



OPTICAL AND ELECTRO-OPTICAL PROPERTIES 

Optical Symmetry uniaxial negative 

Optical Transmission 0.400 jam - 5.0 pm 

Sellnrtcier Equation Constants" 13 
n =( A + B/(Jl 2 +C)+DX 2 ) 1tt ; k in microns 
n 0 A=4,9048 B=0,11768 C= -0-0475 D= -0.027169. 
n e Ar-4.582 B-0,099169 C— 0.044432 D- -0.02195. 

Calculated Refractive index values 12 
n 0 ( 1 .064 jam) = ZZZIZ ; n c ( 1 ,064 yjn) » 2.1560 
n n ( 2.060 urn) = 2.1949 ; n„{ 2.060 urn) = 2.1243 
n Q ( 3,500 urn) = 2,1405 ; n c { S.500 jjrn) = 2.0788 

Photoolastic Strain Coefficients at Constant Field ' ' 
- -0.026 p 31 ~ 0.17 

(v, a b 0 08 ■ ■ paa ■ n n 7 

p 13 = 0.13 rv, = -0.151 

. piU = -0.08 . p 4 A =. 0.146 

Temperature Variation of Refractive Index 13 for K - 1.0 prn - 4,0 pm 
dnVdT = 3.3 x!0' 5 /°C 
dne/dt-37 xl0' B /°C 

Nonlinear fl Coefficients 12 30 
622 ~ 2-4 pm/V 
d 31 - -4.52 pm/V 
' d M - 31,5 pm/V 

Effective Nonlinear Optical Coefficient 
. a^ = a 3 ^slne -022 cose sin 3«p 

Electro Optic Coefficients @ 0,633 pm 23 
r 13 ' - 10 pmA/ r,^ - 8,6 pm/V 

= 6.8 pm/V r^ 3 = 3.4 pm/V 
r 33 T = pm/V r^ 5 = 30.8 pm/V 
r 51 T = 32 pm/V r 51 s = 28 pm/V 

Variation of Electro Optic Coefficient with Wavelength 22 
And Calculated Half-wave Voltage For 9mmx9rnmx25mm Q-Switch 
V V 4-Xd/(4n 3 lr ££ ) 

"1 . 064 = 5.6 pm/V 1.55 icvoits 

1 .318 urn = 5.4 pm/V 2.02 kVolts 

1 .55 Jim = 5.3 pm/V 2.44 kVulis 

2.10 urn - 5.2 pm/V 3.45 kVolts 

2.79 jmn =5.1 pm/V 4.7B kVolLs 

2.94 = 5.1 pm/V 5. 06 kVolts 

Damage Threshold 2 3 J/cm 2 @ 10 nsec 
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IN RAD Lithium Niobate 



THERMAL AND ELECTRICAL PROPERTIES 

Melting Point 7 1240* C 

Curie Temperature 5 1145 n C 

Thermal Conductivity 9 A. W/m°K 

Thermal diffusivity 6 9x10' 7 m z /sec 

Specific Heat 0 . 0.633 J/q rt K 

Thermal Expansion 10 ■ '. a B '= 1 4.1 x 10* /°K 
; a c -= 4.1 x 10- b /°K 

WftRL^TiviTy 14 A x LI - cm tq> 2Q0 V C 

Dielectric Constants 16 

■ . K 11 - = 4M K n T = /K 

Kn s = 28- K^ T = 32 



Loss tangent' 13 @>A00 °C 
y-axis Tan5 =0.001 



Typical Polish Specifications 
Wavef ront Distortion: X / 8 @ B33 nm 
Flatness: X / 1 0 @ 633 nm 

Parallelism: 1 arcsecunds 

Scratch - Dig: 10-5 
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INRAD Lithium Niobate 

Description 

Lithium niubale is a ferroelectric material suitable Tor a variety of applications. Its versatility 
is made possible by the excellent electro-optic, nonlinear, and piezoelectric properties of the 
intrinsic material It b une of the most thoroughly characteiized electro-optic materials, and 
crystal growing techniques consistently pioduce large crystals of high perfection. 

Applications that utilise the large electro-optic coefficients of lithium niobate are optical 
modulation arid Q-swilchiny of infraied wavelengths. Because the crystal is 
nonhygroscupic and has a low half-wave voltage, it is often die material of choice for Q- 
switches in military applications. The crystal can be operated in a Q-swnch configuration 
with zero residual birefringence and with an eltJcUic field Uiat is transverse tb the direction of 
light propagation. Because piezoelectric rinyiny can be severe, piezoeleclncally damped 
designs can be very useful. The damage threshold or die. intrinsic materia! at 1.06 microns 
with a 10 nsec pulse is approximately 3 J/cm ? / Willi appropriate AR coatings, a surface 
damage threshold of 300-5Q0 MW/cm 7 can be achieved for the same conditions. 

Applications that use the large nonlinear d coefficient of LiNb0 3 include optical parametric 
oscillaton, difference; frequency mixing tb generate tunable infrared wavelengths, and 
second harmonic generation. With a broad spectral. transmission, which ranges from 0.4 
fim to 5.0 jim with aivOH' absorption at 2.87 urn, a large negative birefringence, and a large 
nonlinear coefficient, phasematching is an effective way to generate tunable wavelengths 
over a broad wavelength range. 

Lithium niobate is particularly effective for second harmonic generation of low power laser 
diudes in life 1 -3 to 1 .55 >m range. 

For in reared generation by difference frequency mixing, the peak power limit is considerably 
lower than for 1 ,064 pm, being about 40 MW/cm 7 . Efficiencies for difference frequency 
mixing generally are smaller than shg efficiencies with KDP or BBO, which is due to the 
lower peak powers that can be tolerated by the crystal and the fact that the longer 
waveleriylri photons thai are generated in the process are less energetic. Typical powers 
for 10 nanosecond long pulses with 5 mm diameter beams are 30 mJ/pulse of 0.540 ^m 
minus 40 mJ/pulse of 1.064 jim to produce 2.5 mJ/pulse at 1.54 urn. and 32 rnJ/pulse of 
0,532 jim minus 32 mJ/pulse of 0.640 \xrri to produce 0.25 mJ/pulse at 3.42 urn. 

IIM RAD offers lithium niobate in a variety of configurations. Standard cuts are available as 
OPO crystals, Q-swirches, difference frequency mixing crystals, autocorrelation crystals, 
and optical waveguide wafers. 

Please consult an INRAD sales engineer for assistance In crystal selection and packaging. 

At IIM RAD, all crystal growth, orientation, fabrication, polishing, and testing of UNbO s is done 
at one site so that yon are assured nf rnmplp.Te traceablliry and satisfaction with every 
crystal that you purchase. 
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IN RAD Lithium Niobate 
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